Since their discovery in the late 1940s, the Dead Sea Scrolls, some 900 ancient Jewish texts, have never stopped attracting the attention of scholars and the broad public alike, because they were created towards the end of the Second Temple period and the "time of Christ". Most of the work on them has been dedicated to the information contained in the scrolls' text, leaving physical aspects of the writing materials unexamined. They are, however, crucial for both historical insight and preservation of the scrolls. Although scientific analysis requires handling, it is essential to establish the state of degradation of these valued documents. Polarized Raman Spectroscopy (PRS) is a powerful tool for obtaining information on both the composition and the level of disorder of molecular units. In this study, we developed a non-invasive and non-destructive methodology that allows a quantification of the disorder (that can be related to the degradation) of protein molecular units in collagen fibers. Not restricted to collagen, this method can be applied also to other protein-based fibrous materials such as ancient silk, wool or hair. We used PRS to quantify the degradation of the collagen fibers in a number of fragments of the Temple Scroll (11Q19a). We found that collagen fibers degrade heterogeneously, with the ones on the surface more degraded than those in the core.
Introduction
The Dead Sea Scrolls (DSS) are a collection of some 900 fragmented texts of great religious and historical signicance from the late Second Temple period. Discovered between 1947 and 1956 in eleven caves in the vicinity of the ruins of an ancient settlement, Qumran, they have never stopped attracting the attention of scholars and the broad public alike, because they were created in the "time of Christ". The mystery of their origin is still debated among scholars. Written with carbon inks on parchment, papyrus and leather, some of the scrolls stored in clay vessels have retained their good condition over the last two thousand years. Others, found on the cave oors, survived only in a highly fragmented state. All the scrolls have experienced a complicated and seldom accurately documented discovery and post-discovery history. The Temple Scroll (TS) holds a special place in the collection, since it differs in many ways from the rest of the manuscripts. It contains previously unknown text that is inscribed on the esh side of the extremely thin, eightmeter-long, light-tainted parchment (Fig. 1 ).
Found by Bedouins in 1956, it reached scholars in 1967 allegedly greatly damaged by moisture. Immediately aer the purchase, the unrolling of the tightly wound roll was conducted in accordance with the Plenderleith method.
1 This involved humidication of the scroll up to 100% RH, with subsequent short freezing to arrest the gelatinization process. The fragments were furthermore reinforced with paper and a PVA-based adhesive. Thus, the rst visual description of the scroll, named by Yigael Yadin as "Temple Scroll", reects its state aer unrolling and the build-up of the previously detached fragments. Yadin remarked that the state of preservation, which varied greatly from sheet to sheet, resulted from a non-uniform treatment of the parchment in antiquity. 2 Later it was shown that the production process involved alum tawing that rendered the scroll extremely sensitive to humidity.
3 But already in 1980, an X-ray diffraction study of the scrolls indicated that the high degree of degradation of the Temple Scroll contrasted strongly with the apparently good state of preservation. 4 Later, scientists from the Getty Institute who analyzed the scrolls within the framework of a preservation project arrived at the same conclusion.
5 Therefore, quantitative damage assessment of this scroll seems to be crucial for monitoring its state and for its further preservation.
Parchment is a nal product of the processing of animal skin and consists mainly of type I collagen, the most abundant constituent of the dermal matrix. Deterioration of parchment is caused by chemical changes due to gelatinization, oxidation and hydrolysis of the collagen chains. 6 Historically, the state of degradation of collagen within parchments has been studied using several physical and chemical methods. Methods such as shrinkage temperature, 7 X-ray scattering, 8, 9 thermal analysis,
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AFM, 11 and solid state NMR 12 provide qualitative information on the physical and chemical integrity of collagen at various levels of the hierarchical structure. However, they are usually invasive, i.e. require small samples of the original material. This fact, together with the intrinsic heterogeneity of the skin material, explains why none of these methods can be used to monitor the state of preservation of the ancient parchment. Therefore, an efficient and non-invasive technique for quantitative damage assessment has great potential for early warning and monitoring systems. 13 Recent attempts to describe the evolution of parchment deterioration use NIR, 14 and multispectral imaging techniques. 15, 16 It seems, however, that low spatial resolution and sensitivity result in inaccuracy that outweighs the advantage of the ease of application. Recently, unilateral and solid state NMR techniques showed potential for determining the state of conservation of collagen indirectly, through the relaxation behavior of water molecules involved in the stabilization of the collagen triple helix. 12, 17, 18 Raman spectroscopy has long been explored as a method for assessing damage to parchments. [19] [20] [21] [22] Its non-invasive and nondestructive nature made it an attractive candidate for both damage assessment and monitoring. However, small changes in spectral features and the low sensitivity of the method itself prevented the acquisition of sufficiently accurate information to be routinely applied for damage assessment. Recent technical developments in polarized Raman spectroscopy (PRS) showed huge potential in structural studies of collagen-based materials. 23, 24 The possibility of obtaining both chemical (molecular interactions) and structural (orientation) information [25] [26] [27] [28] in a single experiment opens the way to the use of PRS for studies on orientation changes induced by deterioration. The methodology is based on the sensitivity of Raman scattering bands (associated with distinct molecular vibrations) to the polarization direction of the incident laser light. The method can be applied in order to map brous materials within other heterogeneous tissues and, in principle, it is possible to concurrently map the distribution of other chemical components associated with it. 29, 30 In this study, we applied PRS to study the collagen bers within the parchment of the Temple Scroll at two different levels of organization (molecular and brous). Quantitative damage assessment methodology has been established based on the specic polarization response of Raman amide bands. To this end, we have compared native (highly structured) and gelatinized (randomly oriented collagen molecules) rat-tail tendon (RTT), freshly prepared parchments and collagen bers of the TS.
Materials and methods

Samples studied
Two regions of interest (ROI1 and ROI2) on two analogue fragments (S1 and S2) of ca. 5 Â 5 mm 2 of the TS were analyzed.
The exact original positions of the fragments inside the scroll are not known. The fragments were found detached from the heavily damaged part of the TS. Additionally, bers of speci-cally prepared reference samples have been investigated. As a reference for a sample with high orientation anisotropy, a rattail tendon (RTT) was stretched by 10% of its length and analyzed in the dry state. In addition, bers of recently manufactured limed new parchment (NP) were studied. As a reference for the isotropic collagen network, gelatin was prepared from RTT and NP by a thermal treatment (80 C) in water for 4 hours.
Theoretical background
The PRS approach is a consolidated methodology and has been frequently applied on systems with uniaxial symmetry in the last decade. Since a theoretical description of the technique has been presented in detail by several authors, e.g. Turrell,
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Bower, 32 Rousseau et al. 33 and Sourisseau, 34 a compact guide to the basic concepts that have been applied in this study is presented in the ESI. †
Confocal PRS
A continuous laser beam was focused down to a micrometersized spot on the sample through a confocal Raman microscope (CRM200, WITec, Ulm, Germany) equipped with a piezoscanner (P-500, Physik Instrumente, Karlsruhe, Germany). The diode-pumped 785 nm near-infrared (NIR) laser excitation (Toptica Photonics AG, Graefelng, Germany) was used in combination with a 100Â (Olympus MPlan IR, NA ¼ 0.95) microscope lens. The linearly polarized laser light was rotated using a half-wave plate, and the scattered light was ltered, introducing a further polarizer (analyzer) before the confocal microscope pinhole. The spectra were acquired using an aircooled CCD (PI-MAX, Princeton Instruments Inc., Trenton, NJ, USA) behind a grating (300 g mm À1 ) spectrograph (Acton, Princeton Instruments Inc., Trenton, NJ, USA) with a spectral resolution of 6 cm À1 . Forty to sixty accumulations with an integration time of 1 s were used for four polarization adjustments of a single spot analysis.
Data acquisition and processing
In the TS fragment, the collagen bers are characterized by a diameter in the range of 5 to 10 mm. that the measured spectra are representative of the single collagen ber and not of several overlapping collagen bers. A chosen ber was pre-adjusted in the focus of the lens parallel to the z-axis by means of the integrated light microscope. The adjustment is achieved by rotating the whole fragment, so that neither ber sampling nor harm is done to the fragment. The z-axis corresponds to the direction of polarization 0 of the laser on the sample (x-axis corresponds to the 90 laser polarization). Finally, Raman overall intensity was maximized by adjusting the focus along the y-axis (optical beam axis).
To determine the intensity ratios R 1 ¼ I 0-90 /I 0-0 and R 2 ¼ I 90-0 /I 90-90 , the analyzer for polarization has been placed in the path of the backscattered light. The analyzer orientation is indicated by the second indices of the intensity (I 0-90 ; 0 -polarizer and 90 -analyzer regarding the ber orientation (z-axis)). Four experiments are needed to calculate the orientation parameters 33 and one additional control measurement at the 0-0 position is performed on the specic spot. The control measurement is used to check the stability of the spot position on the selected ber during the 4 min needed for complete measurement.
The spectra were acquired with the WITec Program 1.94Ò and then processed in three steps with OPUS 6.0Ò:
1. Cut the region around the amide I band (1517-2000 cm À1 ).
2. Baseline correction. 3. Integration over the spectral range between 1600 and 1720 cm À1 . The laser power at the sample is kept no higher than 4 mW. This is of particular importance when measuring the precious TS fragment, which has to be investigated non-destructively.
The signal-to-noise ratio of the spectra under these conditions is not optimal, especially for the cross-polarized congu-ration (0-90 and 90-0) where the intensities are very close to the spectral noise level. For such spectra, neither peak tting nor intensity determinations can be performed and therefore, an integral over the amide I wavenumber region was used.
For the calculation of Legendre polynomials P2 and P4 (for details see the ESI †) the ratio R iso ¼ 0.20 AE 0.015 (gelatin) of an isotropic reference material was used. For the distribution function of C]O vibrational units, a Gaussian shape was assumed, where the angle of the maximum q max and the corresponding FWHM (u) can be determined by the obtained P2 and P4 coefficients.
Results and discussion
From the macroscopic morphological observation of the surface of the analyzed TS fragments, it was possible to distinguish between two areas. The rst area (ROI1), with clearly visible intact collagen ber network, was originally covered by another layer. The remnants of the missing surface layer can be still found on the adjacent ROI2 of the fragment. This smooth layer consists of gypsum and alum supported by an extended collagen ber network and originated from the manufacturing of the scroll. 3 The collagen bers of the surface layer appear to be more damaged than those in ROI1. Therefore, the intact bers initially protected by the surface layer correspond to the core parchment. Though a simple visual inspection demonstrates the heterogeneity of the collagen degradation, its degree cannot be established in a simple way. Furthermore, the heterogeneous state of degradation leads to a different response of the various parts of the scroll to conservation treatments and environmental storage conditions (such as humidity and temperature) and therefore a quantitative estimation of the bers' integrity is crucial. For damage quantication, we rst considered two borderline cases, namely (i) fresh collagen bers from rat-tail tendon and new parchment, and (ii) completely gelatinized collagen (gelatin).
In Fig. 2 the polarized Raman spectra of RTT, gelatin and NP ber samples are presented. Red spectra are acquired by placing polarizer and analyzer parallel to the ber axis (ZZ), whereas blue spectra are acquired with the polarizer and analyzer perpendicular (XX). Grey and orange spectra are cross-polarized congurations (XZ and ZX) useful for calculating orientation parameters. Longitudinally stretched RTT was used to obtain perfectly aligned collagen bers as a calibration standard (Fig. 2, top) . In this study we focus on the collagen backbone vibrational modes, and in this context, an intense band centered at 1665 cm À1 is observed, corresponding to the amide I vibration, which is mainly due to C]O stretching vibration. Further bands can be seen at $1450 and $1250 cm À1 and are assignable to C-H bending and amide III vibrations respectively. It is clearly visible band anisotropy (differences in scattered intensities that are related only to the orientation of the laser polarization), particularly in the amide I region (evidenced with the dashed box in the gure). Because collagen carbonyl groups are oriented mainly perpendicularly to the collagen molecular axis, the amide I band is more intense in the direction that is perpendicular to the collagen molecular axis (blue lines in Fig. 2) . 28 Very similar anisotropic behavior is found for collagen bers within the NP sample (Fig. 2, bottom) , whereas the anisotropy of all bands completely vanishes in the case of gelatin (Fig. 2, middle) .
The latter result is to be expected, considering the complete loss of the supramolecular organization of collagen molecules in the gelatin sample and the resulting random orientation of the molecular units in the analyzed volume. Fig. 3 presents PR spectra from two characteristic bers selected from the different areas of a single TS fragment.
Using an optical microscope, we located suitable bers in both the aforementioned ROI1 and ROI2 and applied the PRS approach. From a simple comparison of the anisotropic responses of the amide I band, it can be clearly concluded that the ber from the ROI1 (Fig. 3, le) shows a very similar anisotropic pattern to that found in the new parchment, whereas the ber from the ROI2 (Fig. 3, right) matches better the gelatin spectral features. This simple experimental evidence is extremely important because it shows that TS, commonly considered heavily gelatinized, locally contains collagen bers that are in a relatively good state of preservation. Furthermore, it shows that some bers, although lacking any order at the molecular level of the structure, can preserve its macroscopic brous morphology.
Starting from this spectroscopic evidence, and assuming that deterioration of collagen material will naturally lead to a general disorder of collagen structural units, we can now design a new approach for damage assessment of the collagen bers. The methodology applied here is based on the fact that the orientation of a molecular unit within a biomolecule can be quantied from Raman band anisotropy measurements, if the Raman band tensor of the relevant molecular unit is known.
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In the case of the amide I band, the tensor properties are well documented in the literature and can be used for this purpose. From parameters provided by the PRS (see ESI †), it is possible to determine the arrangement or orientation of the C]O vibrational units with respect to the brous system. Table 1 shows the calculated averaged values of two main orientation parameters (Legendre polynomials P2 and P4) relative to the amide I band for RTT, NP, gelatin and several bers within TS samples.
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The average values of the order parameters vary signicantly among different samples. As expected, values obtained for the RTT and new parchment are in the range of highly ordered molecular units, whereas the P2 and P4 close to zero found for gelatin indicate complete disorder. In the case of TS, P2 values lie between the two just discussed limits, with ROI1 apparently more organized than ROI2. However, P4 values are relatively far away from the values obtained for RTT and new parchment. This discrepancy can be explained by the fact that there is no simple relationship between order parameters and the distribution function of the vibrational units. Therefore, here we propose a more efficient way of quantifying disorder in collagen bers.
By approximating molecular distribution of vibrational units around the ber axis by a Gaussian curve, it is possible to calculate the associated P2 and P4 values for any distribution. In this way, for any P2 and P4 there will be a corresponding distribution characterized by given angular maximum (q max ) and full width at half maximum (FWHM) (u). The angular maximum corresponds to the most likely orientation of collagen units within the volume illuminated by the laser spot and FWHM is qualitatively linked to the variability of the orientation. Plotting the iso-q max and iso-u lines in the P2-P4 space (Fig. S2 †) enables a simple correlation between the order parameters and the distribution of the vibrational units and therefore allows the quantication of the order-disorder in a ber. For instance, in the case of collagen, the results show a distribution always centered on the q max ¼ 90 but characterized by different u. These results can be depicted in the P2-P4 space spread along the q max ¼ 90 line. Fig. 4 (top) shows such a plot, where P2 and P4 values obtained for all investigated samples are superimposed, as well. It appears that the main difference between various collagen samples (RTT, new parchment, gelatin, TS) lies in the width of the distribution function. Thus, a well-preserved collagen ber will have a width of [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , while a strongly gelatinized one will have a width larger than 120 . The highly organized collagen of the stretched RTT was found to have a FWHM of 40 . The Gaussian distribution function of the results of the NP has a FWHM of 60 .
This is supposed to correspond to the best state of preservation of collagen in a parchment treated with lime, particularly in historical parchments. The broadening of the distribution function with respect to that of the RTT indicates a slight disorganization of collagen in freshly prepared parchments, probably induced by treatments necessary for depilating and nishing.
The results of the P2 and P4 coefficients for both areas of the TS fragment display a wider scattering around the q max ¼ 90 line than in the case of NP or RTT. The reason for the stronger variations from the q max ¼ 90 line is likely to be found in the weak and noisy signal intensity in the spectra of the 2000-yearold collagen bers. Nevertheless a tendency can be recognized in the distribution in the P2-P4 space (Fig. 4) . The collagen bers of the formerly covered ROI1 show P2 values that are signicantly different from those of the ROI2 (statistically signicant difference between groups as determined by one-way ANOVA (F(1.19) ¼ 6.233, P ¼ 0.021)). Spread over a large range from 60 , the FWHM values found for ROI1 are equivalent to a well-preserved modern parchment, with some points going up to 120 , which is very close to strongly disorganized collagen in gelatin (Fig. 4) . The FWHM values related to the ROI2 lie in the range between 80 and 120 of width, indicating a greater degradation of the collagen in this area than in the ROI1. It is worth repeating that previous studies on TS fragments show very high levels of gelatinization. In contrast, we nd that several bers in the ROI1 are relatively well-preserved. The methodology described here is based on a single parameter, i.e. FWHM of the distribution function, and results in a reliable and simple way to quantify the amount of degradation that leads to the disorder of molecular units of collagen in ancient parchments. The disorder, however, can be induced by several factors, such as gelatinization, hydrolysis, oxidation, etc. Orientation parameters dened in this work reect global structural changes induced by all of these degradation processes and do not carry any information about the cause of the disorder. However, through an analysis of the spectral features of the Raman bands it would be possible to address these points. We believe that the combination of this latter approach with the methodology presented here could provide further insights into deterioration pathways. Future work will focus on applying this strategy to articially aged and other ancient parchments.
Conclusions
In this study, we developed a methodology based on PRS that is capable of establishing the degree of degradation of collagen in historical parchments. The approach is non-invasive and nondestructive and allows a simple quantication of the degree of disorder (which can be related to the degradation) of protein molecular units in collagen bers. Given its nature, the method can be applied to other protein-based brous materials, such as ancient silk, wool or hair. We used this method to study the preservation of bers in the fragments of the TS, one of the most important documents of the Dead Sea Scrolls collection. We found that extremely heterogeneous degradation of collagen bers can be correlated with the bers' location in the parchment. Contrary to the common opinion, a relatively good state of preservation was found for the core part of the Temple Scroll's parchment. 
